Comparative studies between a toroidal low-temperature plasma and drift-Alfvén-wave simulations were carried out in order to investigate the microscopic structure of turbulence. The dimensionless plasma parameters in the TJ-K torsatron [Krause 2002 ] are similar to those in the edge of a fusion plasma. At the same time the fluctuations can be fully diagnosed by probe arrays.
I. INTRODUCTION
Since 1999, the torsatron TJ-K [1, 2] is operated with a low-temperature plasma to study the microscopic structure of turbulence. Although the temperature of typically 10 eV is low enough to allow Langmuir probe access in the entire plasma column, the dimensionless parameters relevant for turbulence theories are similar to those in the edge of fusion plasmas.
In first experiments, the characteristics of the fluctuations, like spectra and probability density functions, measured with small probe arrays were found to agree with those from fusions devices [3] . Here results from recent electron-cyclotron-resonance heating (ECRH) discharges are presented, whereas results from earlier helicon experiments can be found in [3] .
With the objective of a close experiment-theory comparison, this work focuses on a plasma which complies, with respect to turbulence, with the most relevant requirements of a fusion experiment: it is toroidally confined and has centrally peaked pressure profiles. At the same time the complexity of the problem is reduced, since instabilities like the ion [4] and electron-temperature-gradient driven modes [5] are absent, and electro-magnetic transport is not expected to contribute in the low β plasma. With respect to earlier comparative studies [6] [7] [8] , the stationary low-temperature plasma allows better diagnostics accessibility and the use of probe arrays with a large number of tips. Probe arrays have proven already successful as a diagnostic for turbulence studies in fusion [9, 10] and magnetised low-temperature plasmas [11] .
The experimental data are compared with simulations using the drift-Alfvén-wave code DALF3 [12] . A systematic study carried out at the TJ-K plasma parameters in equivalent tokamak geometry showed [13] , that the drift-wave dynamic should clearly dominate the interchange drive. The main signature of drift-wave turbulence is a cross-phase between density and potential fluctuations of γ ≈ 0 on all spatial scales [12, 13] . On the other hand, global codes relying on interchange drive [14] typically produce values of γ ≈ π/2.
Experimental observation of the cross-phase in the open field line geometry of the scrape-off layer in fusion experiments usually are consistent with π/2 [9, 15, 16] , which might, however, be related to the sheath dynamics at the intersection of the field line with the wall.
In order to investigate the full spectral density of the fluctuations P (ω, k) in frequency and wave-number space as well as the cross-phase wave-number spectrum γ(k), a poloidal Langmuir probe array with 64 tips was built to measure fluctuation data on a closed curve around a flux surface. Furthermore, the data are used to study another robust theoretical prediction which is a linear scaling of the turbulent structure size with the drift scale ρ s = c s /ω ci , defined by the ratio of sound speed to ion cyclotron frequency. In order to vary ρ s in a wide range, the ion mass number A i was changed by using Hydrogen, Helium and Argon as working gases. The ρ s scaling is also studied with a new probe matrix with 8 × 8 tips which is used for correlation measurements.
After a description of diagnostics and plasma parameters, the intermittency of the fluctuations, poloidal wave-number spectra and the size scaling of the turbulent structures are addressed.
II. EXPERIMENTAL SETUP
The torsatron TJ-K has minor and major plasma radii of 0.1 and 0.6 m, respectively.
It has one helical coil with 6-fold toroidal symmetry producing weak magnetic shear at a rotational transform of ι ≈ 1/3. Due to ECRH at 2. conversion [17] have not yet been investigated in detail. The wave is lounged in O-mode geometry. Presumably a large fraction of the power is reflected at the first encounter of the wave with the cut-off layer. Since the wavelength of about 12 cm is comparable to the distance between cut-off layer and the metal wall, it can be expected that a standing wave will develop which "leaks" through the cut-off layer via a conversion process.
In Tab. I, the parameters for discharges with different working gases are listed. For Hydrogen to Argon while the variation of the collisionality is strongest across the plasma radius. The normalised pressure is small in all cases. In the helicon plasmas studied earlier [3] , temperatures were similar and densities were about a factor of 10 higher, leading to higher collisionalities. In addition, ρ s could be varied also by the magnetic field strength (up to 0.3 T), which was not constraint by a resonance condition. The data from the ECRH discharges are, however, of higher quality since in helicon discharges RF pickup is always a problem. is an influence of a non-thermal population generated by ECRH on the floating potential measurements has to be investigated in the future by the use of emissive probes. A poloidal probe array is used for measurements of wave-number spectra. The 64 tips shown in Fig. 2 are aligned on a flux surface at about half plasma radius with a poloidal probe separation of about 7 mm. The tips were connected either to measure the ion saturation current, the floating potential or alternatingly to measure radial transport fluctuations. Furthermore, the 2-dimensional structure of the fluctuations perpendicular to the magnetic field is deduced from a probe matrix with 8 × 8 tips depicted on the rhs. of Fig. 2 . Arrays with a large number of probes were pioneered on the CALTECH tokamak [10] , where also a matrix was used to detect coherent structures. The major different of the matrix used here is that it is rather transparent for the parallel plasma flow and therefor is not expected to create its own scrape-off layer.
III. INTERMITTENCY OF RADIAL TRANSPORT
The departure of fluctuations from a Gaussian probability density function (PDF) is a central research issue in many fields because it is indicative of the microscopic turbulence process. In high-temperature plasmas intermittency has attracted a special interest. The rather stiff electron temperature profiles observed in fusion plasmas might be generated by a turbulent state in self-organised criticality (SOC). SOC would lead to avalanche-type events [18, 19] and therefore to a bursty or intermittent nature of radial transport. Furthermore, a 1/f decay of the power spectra can be expected [20] . As a matter of fact, a non-gaussian PDF and a 1/f scaling of frequency spectra were interpreted as a sign of SOC [21] . It was pointed out, however, that both observations are necessary but not sufficient conditions and that SOC cannot be concluded from these observations [22] . In order to investigate the level of intermittency of a magnetised plasma in the absence of SOC, the PDF of density, potential and transport fluctuations from the TJ-K experiment and the DALF3 code were analysed [23] . Both systems are not expected to be in a state of SOC: DALF3 is running with a fixed background pressure gradient and the drive of the TJ-K pressure gradient is very weak. In addition, the ions are cold in the code and the experiment, hence ion-temperature-gradient-driven turbulence, which is related to a critical gradient [4] , is not present. 
increases with f [24] . Scale separation of the fluctuations is achieved by wavelet transforms, which has proven suitable for this kind of studies [25] . In this analysis, the Morlet wavelet was used. 
IV. WAVE-NUMBER SPECTRA
The spatial structure of the turbulence was measured with the poloidal probe array [27] .
Questions concerning the turbulent cascade, the range where energy enters the turbulence and where dissipation takes place concern the spatial scales. Fig. 4 shows as an example the measured spectral density of ion-saturation current fluctuations of a Helium discharge. Up to poloidal wave-numbers of k θ = 1 cm −1 and frequencies of f = 20 kHz the distribution is flat and no simple relation k(ω) exists. The broad distribution is typical for fully developed turbulence. The data is compared with the linear dispersion relation valid in slab geometry corrected for poloidal E r × B background flow according to [7] 
where ω dia = k θ T e /eBL ⊥ is the frequency due to the electron diamagnetic drift. The radial [10]).
On the rhs. of Fig. 4 , poloidal wave-number spectra of ion-saturation-current fluctuations are presented for three ion masses. The spectra exhibit a flat region on the long-wavelength side followed by power-law decay over two decades with a spectral index of about m = -3.
In the Argon discharge, the noise level is reached at wave-numbers of about 2 cm −1 . This can also be seen in Fig. 6 , where the cross-phase between potential and density fluctuations is depicted. The cross-phase of the Argon data loses its coherence above this value. The spectra shift to larger wave-numbers as ρ s increases with the ion mass. This indication of a ρ s scaling is subject of the next section. In addition to these spectra, Fig. 5 presents those of potential and transport fluctuations of the Helium discharge.
The spectrum of the floating potential fluctuations behaves similarly to the ionsaturation-current one. A clearly different spectrum is found for the fluctuations in the poloidal electric field E θ , calculated from the difference in floating potential of adjacent probes. At small wave-numbers an increase of the spectral power with k θ is observed. The largest amplitudes of E θ are found at intermediate scales.
The right part of Fig. 5 shows the spectra of the mean radial transport calculated according to
with γ Φn k being the cross phase between potential and density fluctuations at a given poloidal wave-number k θ . In these measurements the probe tips are used alternately to measure floating potential and saturation current. Since the probe array extends around a flux surface, Γ is the poloidally averaged flux at one toroidal position. As expected, the flux is mostly directed outward, i.e. down the pressure gradient. Only at large wave-numbers a fraction of the transport is inward directed. This feature was only observed in the Helium discharge, otherwise the spectra of the other gases behave similar [27] . The turbulent transport has its maximum at the scale of correlation length L corr of the density fluctuations.
The direction of transport is determined by the cross-phase γ between potential and density fluctuations. As pointed out earlier, the cross-phase is furthermore indicative of the turbulence driving mechanism. Values of π/2 are a sign of interchange, values of 0 of driftwave turbulence [12, 13] . In order to decide between the two possibilities, information on the cross-phase on all scales is required. Correlation techniques, e.g., are most sensitive to the largest events, which might not be representative of the turbulence in the cascade. Here, the distribution of γ(k) was calculated for each time-dependent Fourier component in k θ space. The results are depicted in Fig. 6 . In all cases, broad distributions are found centred around values close to zero. In addition to the data from the three discharges analysed here, the result from a DALF3 simulation [13] is reproduced, which predicts the TJ-K plasmas to be in the drift-wave regime. The cross-phase distributions from experiment and simulation agree very nicely. This is clear evidence that the drift-wave dynamics is responsible for the drive of the turbulence in TJ-K.
V. THE ρ S SCALING OF THE TURBULENT STRUCTURES
A linear scaling of the turbulent eddy size with ρ s is another robust prediction of theory.
It leads to a gyro-Bohm-like scaling of diffusion coefficients and confinement times. In fusion experiments, the ρ s scaling is studied in dimensionally similar discharges. The variation of ρ s is achieved through the magnetic field. Since B can only be varied by about a factor of 2, the other parameters have to be kept constant to a high degree in order to unravel the exponent of the scaling. In TJ-K, ρ s can be modified by a factor of 10 by changing the ion mass, but less handle is available on the other parameters. However, here the ρ s scaling is studied directly on the size of the turbulent eddies and not on a deduced quantity like the diffusion coefficient.
The density fluctuation spectra shown in Fig. 4 already indicated the presence of a ρ s scaling also in experiment. Qualitatively, the increase of the eddy size with ρ s can be seen by the shift of the spectra to the left as the isotope mass increases. This information is particularly valuable, since it shows the ρ s dependence also on small scales, which are relevant for transport.
Further information on ρ s scaling provides an analysis of the ion-saturation-current fluctuations from the probe matrix, where the signal from a reference probe is correlated to all other probes [28] . Results for discharges in Hydrogen, Helium and Argon can be found in Fig. 7 . The centre of the white cross indicates the location of the reference probe. The correlation distribution is a measure of the size of the largest events present in the fluctuating signals. An increase of this size from about 3 to 8 cm with ion mass and therefore also with ρ s is apparent. This result is consistent with a similar correlation analysis carried out on the poloidal probe array [27] . Such an analysis was applied to a series of discharges with different working gases, neutral gas pressures and, in a small range, magnetic field strength.
The main variation of ρ s originated from the ion mass. An increase of the the density correlation length L corr with ρ s is found, while a systematic variation of L corr with collisionality is not present. The scaling of L corr is, however, rather linear offset than a simple linear one [27] .
VI. DISCUSSION AND CONCLUSIONS
The spatial structure of the turbulence in the core of a toroidal low-temperature plasma was studied by probe arrays and the results were compared to drift-wave simulations. Simulated and experimental frequency spectra show similar features. A large degree of intermittency was found albeit both the code, working with a fixed background pressure gradient, and the weakly driven plasma are non-SOC systems. A wavelet analysis showed that the intermittency is strongest on the small scales and not in the regime where a spectral index of −1 is reminiscent of SOC.
A poloidal probe array was used to measure wave-number spectra for discharges in Hydrogen, Helium and Argon. A spectral index of −3 for density fluctuations was observed.
The maximum transport is found at the scale of the correlation length L corr of density fluctuations, not in the range of largest density fluctuation amplitudes. This is consistent with the analysis of the simulated data from DALF3 [13] . The spectral index of -3 agrees with the prediction for 2D fluid turbulence [29] . In this picture, the energy injection would occur at the scale of L corr , where the turbulent transport has its maximum, with the enstrophy cascade going to high wave-numbers. The inverse energy cascade towards small wave-numbers is not evident in the spectra. This may simply be due to the constrained system size. Additionally, the three-dimensional geometry should further contribute to deviations from pure 2D fluid turbulence. Spectral indices of −3 and −4 have been found for the density fluctuation power spectra in TEXTOR [30] and Tore Supra [31] . Other theoretical treatments of fusion plasma turbulence predict a value of −4 [32, 33] .
The observed transport fluctuations are mainly directed down the pressure gradient.
Only in Helium discharges at small scales an inward directed contribution was observed.
However, more parameter studies have to be carried out in order to investigate the possible importance of this contribution for particle pinches, which have been observed in tokamaks [34] and stellarators [35] . An inward contribution of the turbulent transport was also found in the H1 stellarator [36] .
The DALF3 simulations predicted the drift-wave drive of the turbulence being dominant over the interchange drive. As a main signature, the cross-phase between potential and density fluctuations are predicted to be close to zero. This feature was nicely confirmed by measurements using a poloidal probe array. This is clear evidence that the drift-wave dynamics is responsible for the drive of the turbulence in TJ-K.
Another theoretical prediction is the scaling of the turbulent eddy size with ρ s . Experimental evidence for this scaling was found on large and small scales by varying ρ s by a factor of 10. The wave-number spectra shift to larger scales as the ion mass increases. Furthermore, the largest fluctuating structures as detected by correlation analyses on the poloidal and matrix probe array confirm this trend. Since the size of the dominant eddies scales with ρ s too, they cannot be the upper end of an inverse cascade, which would be given by the system size. This observation is consistent with the assumption that at this scale energy is put into the turbulence.
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